This thesis is concerned with the development of a compact, sensitive and reliable instrument for determination of the polarization of fluorescence of f1uorescein tagged molecules in solution. The instrument as designed and constructed differs from others (2, 3, 4, 5, 6, 8, 9) .
TO THE OFFICE OF GRADUATE STUDIES AND RESEARCH:·
The members of the Commi"ttee approve the thesis of George Irwin Johnston presented December 12, 1978. APPROVED: Although typical excitatjon lifetimes of many fluorescent dyes in . -8 water solution are of the order of 10 seconds, the rotational relaxation times for small molecules are much shorter than this (2) . Thus the emitted light from small molecules becomes nearly randomly polarized and may be likened to "electronic noise" or depolarized fluorescence. This is sometimes referred to as "partial" polarization. As the molecules become larger and/or the liquid medium becomes more viscous the rotational relaxation time becomes longer. When it becomes of the order of the fluorescence lifetime, the angular deviation of the plane of polarization becomes small and the measured fluorescence begins to show a preferential polarization -that of the exciting light.
Since Brownian motion is directly related to temperature, this too must be considered as a parameter affecting the observed degree of polari-
zation.
An explanation of the technique of measuring polarization is neeessary to understand the underlying principle of the apparatus developed.
Partial polarization (p) is defined as:
Parallel and perpendicular refer to the alignment between the excitation polarizer and the fluorescence polarizers. 1 11 and 11-are the light intensities of the fluorescence measured through polarization filters oriented both parallel and perpendicular to the excitation filter. The system is shown in Figure 1 . The excitation beam 1 1 is randomly polarized as indicated by the numerous electric vectors (E) existing throughout all 360 degrees normal to the axis of the beam. After passing through the interference filter (to establish the preferred excitation wavelength) and the polarize~, the beam is vertically polar- It should also be noted that if the excitation source were horizontally polarized the fluorescence polarization would be along the axis of the photodetectors, and no light would be seen except for that arising from the depolarizing effects of Brownian motion.
PREVIOUS INSTRUMENTAL TECHNIQUES
The system that Weber describes in his 1956 paper (4) 1. The excitation polarizer is set for horizontal polarization.
The variable polarizer is aligned with the fixed polarizer on the signal side. The slit on the reference side is adjusted until the signals from the two photomultipliers are nulled.
• PMR 3. The variable polarizer is now adjusted to restore the null.
Since the angle of polarization is trigonometrically related to intensity, one can rebalance the two intensities and directly !ead the angle of polarization from the variable polarizer which is calibrated in minutes of arc. The polarization value is then computed from:
s in 2 e P = l+cos 2 ecos2e
In 1961 In one path the polarizer was parallel to the excitation polarizer and in the other perpendicular to it. Each photomultiplier signal was recorded and degree of polarization calculated by the formula mentioned above. In the SLM Instrument, electronic ratio processing after 10 or 100 (selectable by the operator) samples having been taken provides the polarization factor as a digital display.
McKay (6) Lavorel (8) in 1972 reported a system using a rotating polarizer.
However, his rotating polarizer like the system described in this thesis was placed in the excitation path. entire assembly is mounted in a four-foot by two-foot by two-foot lightproof plywood box with an· access door on one of the large sides.
DESCRIPTION OF INSTRUMENT
The entire inside of the box is painted flat black to minimize reflections from the light source as is the metal structure of the instrument itself. Painting of the metal structure was necessary when it was noted that reflections were contributing to polarization of the light source.
At the left end of the system shown in Figure 4 The third plate to the right has the ellipsoidal mirror (E) attached to it. This is a Melles Griot product number 02 REM 001 mirror.
It has the property of reflecting light originating at the primary focus within the mirror and refocusing it at the secondary focus without altering the polarization. There was some concern about the metallized ellipsoidal surface of the mirror altering the polariza- The front face of the sample cell is mounted at the primary focus which is 12.7 mm back from the aperture. Details of the mirror are given in Figure 6 , a reproduction of the data sheet.
Details of the sample cell· are given in Figure 7 and Figure 8 . More than one photomultiplier sensitivity setting was used during each run. To accomodate this the vertical sensitivity of the oscilloscope was multiplied by a factor of one at the highest photomultiplier setting. When the photomultiplier sensitivity was decreased it was decreased by a factor of ten. To accomodate this the vertical oscilloscope sensitivity was multiplied by a factor of ten for proper scaling. an almost 50% reduction in ambient light. These tests were made with a PM sensitivity setting of l0-7 A. The excitation lamp current was 7A., a value used throughout the experiments.
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FigUPe 6. Copy of data sheet showing details of ellipsoid.at mirror. Mirror used is produat nwnber 02 REM 001.
After the sensitivity and linearity of the system to varying fluorescein concentrations were determined, the system was checked for its ability to measure polarization. Solutions of glycerol ranging from 62% glycerol to 90% glycerol were prepared with lxlo-6 molar fluorescein concentration. This high a fluorescein concentration guaranteed a good signal to noise ratio. The rear polarizer was reinstalled and the motor rotating the front polarizer was turned on. The previously described sequence of an acid wash followed by a buffer wash followed by the samples in ascending order of viscosity was followed for each run. Pietures were taken of the oscilloscope signal for each sample point for later analysis. The rotating polarizer produced a sinusoidal signal in time rather than the constant signal obtained in the straight fluorescein sensitivity runs. Values for polarization were calculated from:
1 max -1 min 1 max + 1 min.
Scaling was done as before with the highest photomultiplier sensitivity used giving a factor of unity to the oscilloscope's vertical amplifier and each xlO decrease in photomultiplier sensitivity giving a xlO increase to the vertical amplifier sensitivity. Only two photomultiplier ranges were used, 10-8 A and l0-7 A.
To reproduce the curve of 1/p vs T~/n as in Lavorel (8) calibrated volume. These two readings allowed the calculation of n by:
The t's are the viscometer times and the p's are the pycnometer densities. Subscript (1) is for the glycerols and subscript (2) is for water.
Temperature instability was a problem throughout the experiments.
No provision was made to control the temperature of the sample cell at this stage of development because of the mechanical complexity in- The sweep speed used was 1 sec.fem. throughout the tests. The first detectable response was at a concentration of 10-8 molar. It was found that system sensitivity is not limited by instrument sensitivity but rather by system "noise" -stray 1 ight and reflections in the systern. The lamp was maintained at 7 amperes. The photomultiplier was operated with 1.5 kV on the dynodes at a sensitivity setting of 10-
Thus three more decades of photomultiplier sensitivity were available and the dynodes could still be raised to 2 kV. The other part of this test was for linearity of response to varying concentrations of fluorescein. Concentrations of fluorescein in buffer were pre-
pared ranging from O.lxl to 0.9x10 . Five runs were made and indeed the system did exhibit excellent linearity. The average of these runs are shown in the plot of Figure 10 and a table of the results including the average and standard deviation for each point is shown in Figure 11 . All runs were done with the rear polarizer removed and the front polarizer set for maximum response. The fact that there was a variation in response with the angular position of the front polarizer indicated that there was a slight polarization of the light source. This fact was also evident by the value of the (p) numbers when the fluorescein in glycerol concentrations were run in later tests. Each run was preceded and ended by an O.lN HCl wash to establish a "noise" baseline and system reproducibility as well as cleaning out the system. This was followed by a buffer wash to eliminate the acid residue which would inhibit fluorescence. The system baseline signal ranged between 500 and 600 mV. whereas the fluorescein signal ranged between 4.0 and 45 volts. Rotation of the front polarizer produced no discernable polarization of the acid "noise"
signal. Occasionally there were obvious "bad" data points characterized by low response. These were determined to arise from bubbles in the sample cell. Reinjection of the sample solution always cleared the bubble and gave an appropriate result.
Tests were made of the linearity of the polarization (p) response and compared with results of a similar experiment by Lavorel (8) .
A 10-6 molar fluorescein concentration in various concentrations of glycerol in buffer were prepared. Eight different concentrations ranging from 60% glycerol to 90% glycerol were prepared covering the . range indicated by Lavorel. Again five runs were made and again the system did exhibit excellent linearity of response. Figure 12 shows a typical oscilloscope tracing of the signal with the polarizer rotating. r 11 is the signal maximum and IL is the signal minimum. Zero is one division above the bottom of the screen. 1/p was plotted against T/n and the average of the responses shown in Figure 13 . T is in degrees Kelvin and n is poise. Figure 14 
CONCLUSIONS
The results show that the system has good linearity for fluorescence response and polarization measurement. It is, however, limited in its sensitivity, not by the lack of photomultiplier sensitivity, but by the high light "noise" level. Considering the remaining three decades of photomultiplier sensitivity and an additional 500 volts which could be applied to the photomultiplier dynodes it is quite likely that the system sensitivity can be increased from 10-8M to 10-11 M or even 10-12 M if the ambient light level can be reduced sufficiently.
The use of the ellipsoidal mirror does seem to compensate for any loss in sensitivity arising from the lack of collimating optics and the relatively low-power excitation source. However, this axial optical system involving the mirror with the sample cell at the focal point may be responsible for the high ambient light level. Reflections from the front surface of the sample cell are also directed by the mirror to the photomultiplier. However, the axial optical system offers as compensation compactness and simplicity.
The artifically low values of (p) arising from horizontal polarization of the excitation source can be corrected by introducing a depolarizer in series with the light source. This can be either a short length of non-coherent fiber optics or a series of glass plates stacked until depolarization has been accomplished. In either case the optical characteristics of the depolarizer should assure passage of light wavelengths well into the UV region.
Although at the fluorescein concentrations and sensitivities studied, temperature fluctuations of a few degrees centigrade did not seem to effect the data, it is certain that at higher sensitivities effects would be seen. At such time it is paramount that the sample cell be temperature stabilized to within 0.1 or 0.2 degrees C.
The results of this study are encouraging. It appears that with further work to improve the ambient light problem and provide temperature regulation of the sample cell, adequate sensitivity and stability can be achieved to satisfy the needs of a laboratory instrument. The basic design goals of compactness and simplicity have already been achieved. The addition of a microprocessor to read and interpret the signal will further enhance this device and it is believed that at that time it will be a marketable instrument.
